Background: Primary hyperparathyroidism (PHPT) is a relatively rare disorder among children, adolescents and young adults. Its development at an early age is suspicious for hereditary causes, though the need for routine genetic testing remains controversial. Objective: To identify and describe hereditary forms of PHPT in patients with manifestation of the disease under 40 years of age. Design: We enrolled 65 patients with PHPT diagnosed before 40 years of age. Ten of them had MEN1 mutation, and PHPT in them was the first manifestation of multiple endocrine neoplasia type 1 syndrome.
Introduction
Primary hyperparathyroidism (PHPT) is a common endocrine disorder, predominantly in postmenopausal women (1) . Nevertheless, PHPT can occur at any age, and its incidence increases steadily after age 25 years in both sexes (2) . The majority of studies on special features of PHPT in young patients demonstrate that in comparison with elderly patients the former have greater morbidity (i.e. symptomatic hypercalcemia, nephrolithiasis, severe bone involvement and nonspecific symptoms) (reviewed in 3).
To date, the following familial syndromes associated with PHPT are known: multiple endocrine neoplasia type 1 (MEN1), type 2A (MEN2A), type 4 (MEN4), hyperparathyroidism-jaw tumor syndrome (HPT-JT), familial hypocalciuric hypercalcemia (FHH) (types 1-3), neonatal severe hyperparathyroidism (NSHPT) and familial isolated hyperparathyroidism (FIHP) (4) . The abovementioned syndromes are caused by heterozygous germline mutations in MEN1 (MEN1), RET (MEN2A), CDKN1B (MEN4), CDC73 (formerly HRPT2) (HPT-JT), CASR (heterozygous in FHH type 1 and homozygous in NSHPT), GNA11 (FHH type 2), AP2S1 (FHH type 3). The genetic causes of FIHP in the majority of cases remain unknown, though in some cases germline mutations in MEN1, CDC73 and CASR are identified, indicating that FIHP could be a 'mild' variant of MEN1 and HPT-JT (5) .
PHPT as a component of some familial syndromes has its specific features. Thus, PHPT in MEN1 occurs in 75-95% of patients, it is typically the first manifestation of the disease, the onset is usually between ages 20 and 25 years, and it is caused by multiple parathyroid hyperplasia or adenomas (6) . PHPT in HPT-JT has been observed in up to 95% of affected individuals, with the typical onset in early adulthood, but it can occur at any age, and in about 15% of cases is caused by parathyroid carcinoma (4, 7) . PHPT is rarely if ever the first manifestation of MEN2A (5) . The typical features of PHPT in MEN4 have not been sufficiently described due to the rarity of the disease (4) . FHH is genetically heterogeneous, but FHH type 1 caused by heterozygous mutations in CASR gene is the most common form (8) . FHH is usually asymptomatic, and rare complications observed in FHH consist of clinically silent chondrocalcinosis, premature vascular calcification, pancreatitis and gallstones (4, 8) . FIHP can result from either the incomplete expression of known hereditary syndromes (MEN1, HPT-JT, FHH) or from unknown genetic causes (5) .
PHPT development at an early age is suspicious for hereditary causes, but whether routine mutational analysis among young patients with PHPT, for example for MEN1 mutations, is needed and under what age it is advisable remains controversial (9) . There are two studies evaluating the necessity of routine MEN1 sequencing among patients with PHPT under 40 years of age, which in total showed that germline MEN1 mutations had been identified only in three out of 36 patients (8.3%) with clinically sporadic PHPT (10, 11) . Another study by Starker and colleagues showed that germline mutations are frequently found among young patients with clinically sporadic PHPT: 4 MEN1, 3 CASR and 1 CDC73 among 86 patients ≤45 years of age (9.3%) (12) . When these clinically sporadic cases were summarized with PHPT cases diagnosed in the clinical routine, the frequency of germline mutations raised to 23.5% (24/102, 15 MEN1, 4 RET, 3 CASR, 2 CDC73/HRPT2), which allowed the authors to conclude that the use of genetic testing may be advocated for young PHPT patients even without suspicious family history (12) .
Thus, the objective of our study was to identify and describe hereditary forms of PHPT as the first manifestation in patients with the onset of the disease under 40 years of age.
Subjects and methods

Patients
The study was approved by the Local Ethics Committee of Endocrinology Research Center (protocol #8 of 12.11.2013). We enrolled 65 patients (47 females and 18 males) with the diagnosis of PHPT, made according to the usual criteria (13) , manifested before 40 years of age. Consent has been obtained from each patient after full explanation of the purpose and nature of all procedures used. Median age of manifestation was 24 years, (20; 30), (10; 39). Among them, 44 had clinically sporadic PHPT, ten patients had PHPT as the first manifestation of MEN1 with identified MEN1 mutations (one with FIHP), four patients were from families with FIHP who have not undergone genetic testing and seven patients were suspicious for positive family history (based on the presence of nephrolithiasis, ulcer disease, bone pathology etc. in the first-degree or second-degree relatives).
DNA extraction
Genomic DNA was extracted from peripheral leucocytes using PureLink Genomic DNA Mini Kit according to the manufacturer's protocol (Thermo Fisher Scientific).
Sanger sequencing
In ten patients, the presence of MEN1 mutations was known before the beginning of the study. In them, the coding exons and exon-intron boundaries of MEN1 had been amplified by PCR and the amplification products underwent Sanger sequencing using ABI 3130 Genetic Analyzer (Applied Biosystems). For PCR, the following primers were used: 1F, 5′-GGG GCG GGT GGA ACC TTA G-3′; 2F, 5′-TTG GGT CAC AGG CTT GGA AAG-3′; 3R, ACA GGG ACC ACC CAC CAT GTG-3′; 8F, 5′-AAG AAT GTT CCC AAC CTA TGC-3′; 9R, 5′-GCA GAA CAT GGG CTC AGA GTT G-3′. (14) . ExomeDepth free software was used for CNV calling (15) . Allele frequencies of identified variants were assessed using Exome Aggregation Consortium (ExAC) database (http://exac.broadinstitute.org).
Next-generation sequencing (NGS)
NGS
Multiplex ligation-dependent probe amplification (MLPA)
MLPA was performed in two patients in whom gross CDC73 deletions were suspected according to the ExomeDepth results. MLPA was carried out using SALSA MLPA probemix P466-А1 CDC73 (Lot A1-0415) (MRCHolland, Amsterdam, the Netherlands) and SALSA MLPA EK1-FAM (MRC-Holland); capillary electrophoresis was performed on ABI 3500 Genetic Analyser (Applied Biosystems) with 50 cm capillary, GeneScan 600 LIZ Size Standard (Applied Biosystems) and POP-7 polymer according to the manufacturer's protocol. MLPA results were analyzed using Coffalyser.Net (MRC-Holland) (https://coffalyser.wordpress.com).
Statistical analysis
The results are reported as median, 1st and 3rd quartiles (Q1; Q3) and minimum and maximum values (min; max).
Results
Mutational analysis
The results of MEN1 Sanger sequencing in ten patients with MEN1 mutations are shown in Table 1 . There were two nonsense mutations, two frameshift mutations, two splicing mutations and four missense mutations.
The results of NGS are shown in Table 2 . There were three nonsense and one missense CDC73 mutations, three of which were not previously described. One nonsense heterozygous CASR mutation affecting the C-terminal tail of the receptor and one splicing MEN1 mutation were also identified. Allele frequencies of all the identified mutations were not found in ExAC. No pathogenic or likely pathogenic variants were identified in CDKIs genes.
Besides, ExomeDepth showed a reliable (BF = 33.4) decrease to 0.572 in the observed relative to expected read depth for CDC73 22 consecutive amplicons (exons 1-17, the whole gene) in one patient and a reliable (BF = 34.1) decrease to 0.602 in the observed relative to expected read depth for CDC73 14 consecutive amplicons (exons 1-10) in another patient. This could indicate the existence of large heterozygous deletions of these loci respectively. These two patients underwent MLPA analysis, which confirmed the deletion of the whole gene and four additional genes (TROVE2, GLRX2, B3ALT2, LINK0103) in one case and a large deletion of exons 1-10 in another case respectively (Fig. 1) .
Clinical data
The genetic analysis allowed us to divide the whole group of 65 patients into several subgroups: (1) sporadic PHPT (i.e. without identified germline mutations or relatives with PHPT) (44/65); (2) HPT-JT (6/65), including one patient with FIHP; (3) MEN1 (11/65), including one patient with FIHP; (4) one patient with CASR mutation (1/65) and (5) FIHP without identified mutations (3/65). We focus on each group below.
Among sporadic PHPT cases, there were 30 females and 14 males (2:1). The mean age at PHPT diagnosis was 25 years (21; 30), (10; 39). There were 16/44 of mild forms and 28/44 of manifest forms. Eleven patients had severe osteitis fibrosa cystica (two with parathyroid carcinoma, one with atypical parathyroid adenoma and eight with solitary parathyroid adenoma). Forty-three patients underwent surgical treatment of PHPT. The majority of cases had histological diagnosis of a solitary parathyroid adenoma (35/43). The rest had: solitary parathyroid hyperplasia (3/43), one patient had two parathyroid adenomas (1/43), one patient had one parathyroid adenoma and one parathyroid hyperplasia (1/43), two male patients had parathyroid carcinoma (2/43) and one female patient had atypical parathyroid adenoma (1/43). Thus, 3/43 of patients with sporadic PHPT under 40 had either parathyroid carcinoma or atypical parathyroid adenoma. All patients achieved remission after surgical treatment. It is noteworthy that five patients with sporadic PHPT had suspicious positive family history (in two patients, nephrolithiasis in first-degree relatives; in two patients, nephrolithiasis in second-degree relatives; in one patient, ulcer disease in a first-degree relative).
Clinical characteristics of patients with genetically confirmed HPT-JT are summarized in Table 3 . The majority of patients (5/6) either with nonsense CDC73 mutations or gross CDC73 deletions had parathyroid carcinomas and severe PHPT. Only one female patient with mild PHPT due to a solitary parathyroid hyperplasia had a missense CDC73 mutation. Patient #17 aged 13 years at the time of PHPT manifestation who had parathyroid carcinoma and a gross deletion of the whole CDC73 gene was from a FIHP family -her mother also had PHPT caused by a solitary parathyroid adenoma. Two other patients were suspicious for positive family history (patient #11 had a first-degree relative with an end-stage renal disease as a consequence of polycystic kidney disease, patient #18 had a first-degree relative presumably with Calvé's disease). All patients achieved remission after parathyroidectomy except patient #1, in whom PHPT was diagnosed with multiple lung metastases of parathyroid carcinoma (this clinical case was thoroughly described previously (24)). None of the patients with HPT-JT in our study had jaw, kidney or uterine tumors. The total number of MEN1 patients with PHPT as the first manifestation of the disease was 11 (10 identified previously by Sanger sequencing and one by NGS). There were nine females and two males (4.5:1). Median age at the time of PHPT manifestation was 26 years (18; 31), (14, 38) . In six cases (6/11), mild PHPT was present, five patients (5/11) had manifest forms, four of whom had recurrent nephrolithiasis and one patient had osteitis fibrosa cystica. Family history was suspicious in the majority of cases (10/11): one patient was from a FIHP family; two patients had clinical MEN1 diagnosis in first-degree relatives; one patient had genetically confirmed MEN1 in a first-degree relative; one patient had first-degree relatives with hypercalcemia; the remaining four patients had first-degree relatives with either recurrent ulcer disease or tumors of the brain/pancreas. MEN1 group was clinically heterogeneous, as shown in Table 4 . Most patients had recurrence of PHPT after surgical treatment and seven patients had pituitary adenomas, neuroendocrine tumors or other tumors diagnosed after PHPT. Nobody had a histological diagnosis of parathyroid carcinoma or atypical parathyroid adenoma.
One female patient with a nonsense CASR mutation had mild PHPT diagnosed incidentally at 23 years of age. She had serum total calcium 3.01 mmol/L (2.15-2.55), ionized calcium 1.33 mmol/L (1.03-1.29), phosphorus 0.81 mmol/L (0.74-1.52), serum PTH 147.6 pg/mL (15-65), urinary calcium/creatinine clearance ratio (UCCR) 0.0116. Ultrasound revealed lower left parathyroid tumor. The patient underwent lower left parathyroidectomy with intraoperative lowering of the PTH to 16.2 pg/mL and postoperative hypocalcemia. Histology revealed a solitary parathyroid adenoma. The patient also had type 1 diabetes mellitus and autoimmune thyroiditis diagnosed at 14, and celiac disease diagnosed at 29. Whether the identified mutation alters calcium-sensing receptor function remains unknown. Its pathogenicity is questionable as FHH is characterized by persistent hypercalcemia after surgical intervention.
Overall, there were five FIHP families in our study, in two of which a genetic cause of the disease was revealed: MEN1 mutation р.Asp418Asn in one family and a gross CDC73 deletion of the whole gene in another. In three families, no pathogenic sequence variants were identified. The latter three probands had PHPT remission after surgical solitary parathyroid adenoma removal 3, 6 and 7 years postoperatively respectively. In two families without identified mutations two members were affected (mother and daughter). In the third family, four members were affected, and it is noteworthy that the proband had one child with bilateral retinoblastoma and another with congenital renal abnormalities.
Discussion
PHPT is a sporadic disorder in the majority of cases, and only 5-10% are associated with familial syndromes (1). Among them, MEN1 is the most frequent form of hereditary PHPT, and it comprises 1-18% of all PHPT cases (6), while HPT-JT, FHH and FIHP occur much rarely (4) . For all these syndromes, it is recognized that PHPT typically manifests at a younger age in comparison with sporadic PHPT, thus making young age at diagnosis suspicious for the presence of one of the familial syndromes (4, 9) .
In our study, sporadic PHPT occurred in approximately 2/3 of patients under 40 years of age. Consistent with other studies (reviewed in 3) our results show that sporadic PHPT in young patients is usually diagnosed as manifest forms (28/44), and the main cause of PHPT in such cases is a solitary parathyroid adenoma (35/43). Nevertheless, parathyroid carcinoma and atypical parathyroid adenoma were present in 3/43 of sporadic PHPT cases in our cohort. It is noteworthy that suspicious positive family history, a histological diagnosis of parathyroid hyperplasia, parathyroid carcinoma or atypical parathyroid adenoma and the presence of several parathyroid lesions were not necessarily associated with hereditary forms of PHPT.
Parathyroid carcinoma occurs extremely rarely in children and adolescents (3) . In HPT-JT, parathyroid carcinoma is found in 15-20% of cases (7), while sporadic PHPT occurs due to a parathyroid carcinoma in only 1-5% of cases (1, 25) . It is generally accepted that all patients with parathyroid carcinomas should undergo Sanger sequencing of CDC73 gene (7). In our study, there were in total eight cases of parathyroid carcinoma and atypical parathyroid adenoma, and five of them were diagnosed with HPT-JT after mutational analysis. All five cases had either nonsense CDC73 mutations or large CDC73 deletions, which can indicate that a gross impairment of parafibromin structure can lead to parathyroid malignant transformation. However, a nonsense mutation p.Arg91* was previously described in a patient with a parathyroid adenoma (12) . A gross deletion of CDC73 1-10 exons was previously described in a three-generation family with FIHP, due to adenomas, atypical adenomas and parathyroid carcinomas (26) . The first description of a whole CDC73 deletion was in an 18-year-old female from HPT-JT family with a solitary parathyroid adenoma (27) . In our FIHP family with the whole CDC73 deletion, the proband's mother (who has not though undergone genetic testing but presumably has the same gross CDC73 deletion) had a solitary parathyroid adenoma. Identification of one missense mutation in a patient with mild PHPT due to a solitary parathyroid hyperplasia raises the question of the necessity of routine genetic testing among all patients with PHPT under age 40 years. There were in total 17 patients with severe osteitis fibrosa cystica associated with high total serum calcium and PTH levels and severe course of PHPT in our cohort of patients, in whom 11 had sporadic PHPT, five had HPT-JT and one had MEN1. Severe PHPT was present in all patients with parathyroid carcinoma and atypical parathyroid adenoma (both HPT-JT and sporadic cases) as well as in eight sporadic PHPT cases due to a solitary parathyroid adenoma. Thus, an aggressive course of PHPT per se without a histological diagnosis does not always indicate the presence of HPT-JT.
MEN1 is the most frequent form of familial PHPT in our study (11/65) . Patients with PHPT as the first manifestation of the syndrome at age under 40 years had an equal proportion of mild and manifest forms. As shown in Table 4 , the majority of MEN1 patients in our study had PHPT recurrence after surgical treatment, multiple parathyroid hyperplasia or adenomas and positive family history. All these observations, except the predominance of female patients, are consistent with previous studies (6, 28) . In our study, only one MEN1 mutation (patient #16 without positive family history) was identified by NGS, while other mutations in patients were identified in clinical routine due to the development of PHPT recurrence or other endocrine tumors or the presence of a positive family history. No gross MEN1 deletions were suspected by read depth analysis of NGS data.
The pathogenicity of the identified CASR mutation has not been proven, but several in silico algorithms (Mutation Taster, SIFT-PROVEAN) predicted it to be pathogenic. Moreover, its allele frequency was not found in ExAC. We considered this mutation as likely pathogenic, but one cannot exclude that its location in C-terminal tail of the calcium-sensing receptor may not affect its function. After surgical removal of a single parathyroid adenoma, hypocalcemia and subsequent normocalcemia and normal PTH level were achieved, which is not consistent with typical FHH phenotype.
We identified mutations (one MEN1 and one CDC73) in only two FIHP families. Nevertheless, the diagnosis of FIHP in these cases can be reconsidered if other classical components of MEN1 or HPT-JT develop during the follow-up. In the remaining three families, search for novel genes responsible for FIHP development seems reasonable.
In total, hereditary forms of PHPT were identified in 1/3 of patients with PHPT under 40. In conclusion, the use of NGS seems appropriate in young PHPT patients, in particular, in those with a histological diagnosis of parathyroid carcinoma or atypical parathyroid adenoma, with suspicious positive family history, in cases of PHPT recurrence and in FIHP. Moreover, NGS is valuable in indirect assessment of large deletions, which can be further confirmed by MLPA.
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